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Description 

[CRITICAL AREA COMPUTATION OF 
COMPOSITE FAULT MECHANISMS USING 

VORONOI DIAGRAMS] 

Cross Reference to Related Applications 

[0001] The present application is related to pending U.S. Patent 

Application 10/ , filed concurrently herewith to Allen 

et al., entitled "INTEGRATED CIRCUIT YIELD ENHANCE- 
MENT USING VORONOI DIAGRAMS" (IBM Docket No. 
BUR920030135US1). The foregoing application is as- 
signed to the present assignee, and is incorporated herein 

by reference. 
Background of Invention 

[0002] Field of the Invention 

[0003] The present invention generally relates to determining 

critical area in integrated circuit designs and more partic- 
ularly to an improved methodology of computing critical 
area for composite fault mechanisms. 



[0004] Description of the Related Art 

[0005] Critical area of a very large scale integration (VLSI) layout 
is a measure that reflects the sensitivity of the layout to 
defects occurring during the manufacturing process. Crit- 
ical area is widely used to predict the yield of a VLSI chip. 
Yield prediction is essential in today's VLSI manufacturing 
due to the growing need to control cost. Models for yield 
estimation are based on the concept of critical area which 
represents the main computational problem in the analy- 
sis of yield loss due to random (spot) defects during fabri- 
cation. Spot defects are caused by particles such as dust 
and other contaminants in materials and equipment and 
are classified into two types: "extra material" defects 
causing shorts between different conducting regions and 
"missing material" defects causing open circuits. 

[0006] | n some defect modeling techniques, defects are modeled, 
consistently, as circles. The underlying reason for model- 
ing defects as circles is the common use of Euclidean ge- 
ometry. The distance between two points, usually, is mea- 
sured by the length of the line segment joining the two 
points. This is the Euclidean distance. The locus of points 
a unit distance from a center point is usually called the 
"unit circle". In Euclidean geometry, the "unit circle" is a 



circle of radius one. 

[0007] | n reality, spot defects are not necessarily circular. They 
can have any kind of shape. Therefore, it seems appropri- 
ate to use other geometries if the critical area computa- 
tion can be simplified by modeling defects as squares, di- 
amonds or octagons, respectively. For practical purposes, 
a circular defect can certainly be approximated by a regu- 
lar octagon. Yield estimation should not considerably de- 
pend on which of the above geometries is used to model 
defects as long as the geometry is chosen consistently. 
Therefore, the geometry used for a particular computa- 
tion, preferably, should allow critical area computation in 
the most efficient way. 

[0008] a Voronoi diagram can also be used to enhance the com- 
putation of critical area. A Voronoi diagram of a set of 2D 
geometric elements (polygons, line segments, points) is a 
partition of the plane into regions representing those 
points on the plane closest to a particular geometric ele- 
ment. Here, "closest" is defined in terms of an appropriate 
geometry as mentioned above. These regions are called 
Voronoi cells, each of which is associated with its defining 
geometric element, called the owner of the cell. The set of 
points which separates two Voronoi cells is called a 



Voronoi bisector. The point where three or more Voronoi 
bisectors (or Voronoi cells) meet is called a Voronoi ver- 
tex. 

[0009] Based on the circuit design and under an appropriate ge- 
ometry, Voronoi diagrams can be constructed to model 
the effect of extra-material and missing-material spot de- 
fects. The Voronoi diagram partitions the circuit design 
into Voronoi cells within which defects that occur cause 
electrical faults between the same two shape edges in the 
design. This information can then be used to compute 
critical area, (e.g., see U.S. Patents 6,317,859, 6,247,853, 
and 6,178,539, which are incorporated herein by refer- 
ence). 
Summary of Invention 

[0010] The invention provides a method of determining critical 
areas associated with different types of defect mecha- 
nisms in an integrated circuit design. The invention first 
extracts the generators of the Voronoi diagrams for each 
given defect mechanism and then constructs a composite 
Voronoi diagram based on these generators. Generators 
are the geometric entities from which distance is mea- 
sured within the diagram. From the composite Voronoi di- 
agram, the invention computes the critical area for com- 



posite fault mechanisms of the integrated circuit design. 
[0011] The composite-OR Voronoi diagram is the minimum of 
the individual Voronoi diagrams in its three-dimensional 
representation of distance. The composite Voronoi dia- 
gram also represents the logical OR of the individual fault 
mechanisms. 

[0012] The invention computes the critical area of the logical OR 
of the individual fault mechanisms based on the compos- 
ite Voronoi diagram. The invention computes the critical 
area of the logical AND of fault mechanisms by adding the 
critical areas of the first individual fault mechanism to the 
second individual fault mechanism to produce an inter- 
mediate result, and then subtracting the critical area of 
the logical OR of those fault mechanisms from this inter- 
mediate result to produce a final result. The invention 
computes the critical area of the logical NOT of a fault 
mechanism by subtracting the critical area of the fault 
mechanism from the area of the integrated circuit. The in- 
vention further computes the critical area for any boolean 
expression of independent fault mechanisms as sums and 
differences of the above atomic operations. 

[0013] These, and other, aspects and objects of the present in- 
vention will be better appreciated and understood when 



considered in conjunction with the following description 
and the accompanying drawings. It should be understood, 
however, that the following description, while indicating 
preferred embodiments of the present invention and nu- 
merous specific details thereof, is given byway of illustra- 
tion and not of limitation. Many changes and modifica- 
tions may be made within the scope of the present inven- 
tion without departing from the spirit thereof, and the in- 
vention includes all such modifications. 
Brief Description of Drawings 

[0014] The invention will be better understood from the following 
detailed description with reference to the drawings, in 
which: 

[0015] Figure 1 is a schematic diagram illustrating a fault mecha- 
nism; 

[0016] Figure 2 is a schematic diagram illustrating a fault mecha- 
nism; 

[0017] Figure 3 is a schematic diagram illustrating a fault mecha- 
nism; 

[0018] Figure 4 is a schematic diagram illustrating a fault mecha- 
nism; 

[0019] Figure 5 is a schematic diagram illustrating a fault mecha- 
nism; 



[0020] Figure 6 is a schematic diagram illustrating a fault mecha- 
nism; 

[0021] Figure 7 is a schematic diagram illustrating a fault mecha- 
nism; 

[0022] Figure 8 is a schematic diagram illustrating a fault mecha- 
nism; 

[0023] Figure 9 is a flow diagram illustrating a preferred method 
of the invention; 

[0024] Figure 10 is a flow diagram illustrating a preferred 
method of the invention; and 

[0025] Figure 11 is a schematic diagram of a hardware embodi- 
ment of the invention. 
Detailed Description 

[0026] jhe present invention and the various features and ad- 
vantageous details thereof are explained more fully with 
reference to the non-limiting embodiments that are illus- 
trated in the accompanying drawings and detailed in the 
following description. It should be noted that the features 
illustrated in the drawings are not necessarily drawn to 
scale. Descriptions of well-known components and pro- 
cessing techniques are omitted so as to not unnecessarily 
obscure the present invention. The examples used herein 
are intended merely to facilitate an understanding of ways 



in which the invention may be practiced and to further en- 
able those of skill in the art to practice the invention. Ac- 
cordingly, the examples should not be construed as limit- 
ing the scope of the invention. 

[0027] Critical area is used to predict of the loss of yield of a chip 
due to random defects and is a function of a particular 
fault mechanism. A fault mechanism is defined as the 
manner in which a random defect causes a type of fault 
based on a triggering layout edge. A fault is defined as an 
electrical disruption to the operation of a chip caused by 
the occurrence of a random defect. 

[0028] one example of an individual fault mechanism is shown in 
Figure 1. The design includes conductive features 114, 
116. Items 110 and 112 represent foreign matter parti- 
cles. Item 112 creates a fault because it touches conduc- 
tive feature 116. This type of fault is referred to as a 
"touch" fault because the particle touch the conductive 
shape to cause the fault. 

[0029] However, with some individual fault mechanisms particles 
can touch a conductive feature without causing a fault, as 
shown in Figure 2. More specifically, the particle 200 does 
not cause a fault even though it touches conductive fea- 
ture 114. This is because the type of fault shown in Figure 



2 is a "shorts" type fault, which occurs when the particle 
causes a short circuit between different nets. In this case, 
particle 200 does not cause a fault because it does not 
create a short circuit between two different nets, but in- 
stead causes a short circuit within a single net 114. To the 
contrary, particle 202 does create a short circuit between 
feature 116 and 114. Therefore, particle 202 is identified 
as a fault for the "shorts" type fault. 

[0030] Figure 3 illustrates an "opens" type fault which occurs 
when there is a break in a wire. Particle 300 does not 
cause this type of fault because it does not completely 
cross wire 114. Instead, particle 303 completely breaks 
item 114 and therefore, creates an opens fault. 

[0031] Figure 4 illustrates a "via block" type fault which exists 
when a particle blocks a via or contact. More specifically, 
items 404, 406 represent vias. Particle 400 does not com- 
pletely block via 404, while fault 402 blocks via 406. 
Therefore, particle 400 does not create a via block fault 
while particle 402 does. 

[0032] a composite fault mechanism is defined as one in which 
faults are dependent on the occurrence of two or more in- 
dependent faults. Figures 5-8 illustrate some composite- 
type faults. More specifically, Figure 5 illustrates an 



"opens with contacts" type fault. Therefore, this type of 
fault mechanism identifies both types of faults, both par- 
ticles that cause opens and particles that blocked con- 
tacts. Thus, particles 502 and 504 cause faults because 
they create an "open" fault in feature 114 and particles 
500 and 502 cause a fault by blocking the vias 506, 508. 
Note that particle 502 causes both types of faults. 
[0033] Figure 6 is substantially identical to Figure 5; however, the 
type of fault mechanism in Figure 6 is referred to an "iso- 
lated opens" which considers a particle to be a fault only 
for an open fault that does not causeany contact-type 
fault. Therefore, only particle 604 causes a fault, because 
particles 600 and 602 are also involved with contact-type 
faults. 

[0034] Again, Figure 7 is substantially identical to Figure 5; how- 
ever, the fault mechanism in Figure 7 is referred to as "iso- 
lated opens and blocks." This type of fault mechanism 
identifies faults that cause opens with out blocking a via 
and via blocks that did not cause an open. In a situation, 
particle 700 blocks via 506 but does not create an open in 
item 114 and is therefore a fault. Item 704 is a fault be- 
cause as it creates an open in item 114 but does not block 
a via. 



[0035] Figure 8 illustrates a 2-level short mechanism which iden- 
tifies short circuits between wires on one level 812, 808 
and wires on a different level 114, 810. Item 804 creates a 
fault by shorting item 812 to item 114. Similarly, particle 
802 creates a fault by shorting item 808 to item 810. Par- 
ticles 800 and 806 do not create a short circuit between 
levels, but instead create short circuits between items on 
the same level and therefore do not result in this type of 
defect. 

[0036] As shown in greater detail below, the invention computes 
the critical area of composite fault mechanisms in an inte- 
grated circuit design. The invention does this by first 
defining a composite Voronoi diagram based on the 
Voronoi diagram for critical area of the individual fault 
mechanisms in the composite mechanism. Then the in- 
vention computes critical area based on this composite 
Voronoi diagram. 

[0037] The invention constructs the composite Voronoi diagram 
for the logical OR of fault mechanisms by mapping the 
minimum values of the individual Voronoi diagrams asso- 
ciated with each mechanism. The invention constructs the 
composite Voronoi diagram for the logical AND of fault 
mechanisms by mapping the maximum values of the indi- 



vidual Voronoi diagrams associated with each mechanism. 
Through mathematical integration over the three- 
dimensional surface these composite Voronoi diagrams 
represent, the invention computes the critical area associ- 
ated with composite fault mechanisms formed with the 
boolean operators OR, AND, or NOT. 
[0038] The invention alternatively computes the critical area of 
composite fault mechanisms in an integrated circuit de- 
sign by the sums and differences of intermediate critical 
areas involving only the logical-OR of individual fault 
mechanisms. This is of advantage because an extension 
of known efficient sweep-line algorithms can be used for 
the construction of the composite-OR Voronoi diagram 
associated with the logical-OR of the individual fault 
mechanisms. 

[0039] Specifically, the invention computes the critical area of a 
composite fault mechanism that is the logical-AND of in- 
dependent fault mechanisms by first adding the critical 
areas of the individual mechanism to create an intermedi- 
ate term. Then the invention subtracts the critical area of 
the logical-OR of the individual mechanisms to obtain the 
critical area of the logical-AND of those mechanisms. The 
invention computes the critical area of a composite mech- 



anism that is the logical NOT of a mechanism by subtract- 
ing the critical area of the mechanism from the area of the 
layout. In general, the invention is able to compute the 
critical area of a composite fault mechanism that is an ar- 
bitrary boolean expression over individual independent 
fault mechanisms. This involves expressing the boolean 
composition in conjunctive or disjunctive normal form, 
and then taking the sums and differences of the critical 
areas of the logical-OR of subsets of these individual 
mechanisms. The critical area for the logical-OR of each 
subsets is computed, as described earlier, through the 
construction of its associated composite-OR Voronoi dia- 
gram. 

[0040] The invention can also be embodied in a program storage 
device readable by computer that tangibly embodies a 
program of instructions executable by the computer for 
performing a method of determining critical areas associ- 
ated with composite fault mechanisms in an integrated 
circuit design, as described above. 

[0041] Th e following describe how Voronoi diagrams relate to 
critical area and provides some foundation for the inven- 
tion. 

[0042] |_ Let A be a fault mechanism. 



[0043] Letr be the radius of a defect. 

[0044] |_ e t DefectDensity (r) be the probability distribution of defect 
sizes for a given fault mechanism. This function is inde- 
pendent of the design of the layout and has the property 
that 



f DefectDensity (r)dr = 1 . 



[0045] |_ e t ( Xj y) be the smallest size of a defect centered at a loca- 
tion (x,y) in the layout that will cause a fault defined by the 
given fault mechanism. 

[0046] |L Then critical area of A is given by an integral over the 
area of the layout and defect sizes which cause faults de- 
fined by A. 



CriticalArea(A) = JJ^ ^ ^DefectDensity {{r)drdxdy 



[0047] in. The Voronoi diagram is conceptually a mapping of all 
points in the layout to the smallest defect size which will 
cause a fault. The smallest defect size at (x,y) to cause a 
fault is, incidentally, the distance from (x,y)to the farthest 
edge in the design among the edges involved in the fault. 



Voronoi (A) :(x,y) -> ju; /ie[0,oo) 



[0048] This mapping is also conceptually a three dimensional 

surface where the z-axis represents defect sizes u. 
[0049] iv. Therefore, 

CriticalArea(A) = JJ^ £ ( DefectDensity(r)drdxdy 

[0050] This is conceptually an integration over the volume above 
the three-dimensional surface that the Voronoi diagram 
represents. 

[0051] | n other words, the problem of computing the critical area 
for a particular fault mechanism reduces to constructing 
the Voronoi diagram for that particular fault mechanism. 
However, no Voronoi-diagram based computations have 
yet been described for generalized composite fault mech- 
anisms. 

[0052] a composite mechanism can be described using the 

boolean operators AND, OR, and NOT. There exists an in- 
tuitive meaning to the use of these operators as seen in 
the examples of composite fault mechanisms (Figures 
4-8). Their meaning is quantified for a point (x,y) on the 
layout as follows. 



[0053] |, |_ e t r be the set of defect sizes (radius) that causes a 
fault. The space of all possible defect sizes is given by 



Rn =[0,«>). 



[0054] |_ et u De the critical radius, or the smallest defect size 

G 

centered at fayjthat causes a fault in mechanismG. One 
makes the observation that any larger defect would also 
cause the same fault. Thus, the set of defect sizes that 
cause faults is given by 



^ =[>"g 5 00 )- 



[0055] ||, For a composite mechanism A OR B, the defect sizes 
that cause faults is given by 



[0056] 



or equivalently 



R A ORB = [MRf(ti A , p B ),co) 



[0057] iv. For the mechanism A AND B, the defect sizes that 
cause faults is given by 



AND B ~ ^A ^^B 



[0058] or equivalently 



A AND 



[0059] v. For the mechanism NOT A, the defect sizes that cause 
faults is given by 



[0060] or equivalently 



VI. The above definitions are based on a single point. 
These definitions are extended to all points (x,y) in the lay- 
out. 

VII. There exists a bijective mapping between the boolean 
operators over fault mechanisms and the logical set oper- 
ators over the mechanisms" respective sets of defect radii 
which cause faults. 
Based on the previous quantification, 

I. Voronoi(A OR B) = MM (Voronoi (A), Voronoi (B)) , the minimum of the 
Voronoi surfaces associated with A and B along the z-axis. And 
CriticalAreaiA OKB)= IT f DefectDensity{r)drdxdy , an 

integration over the volume above the surface of Voronoi [A OR B) . 

II. Voronoi(A AND B ) = MAX ( Voronoi (A), Voronoi ( Z? ) ) , the maximum of the 
Voronoi surfaces with A and B along the z-axis. And 
Critical Area (A AND B) = ff f DefectDensity { r ) drdxdy , an 

integration over the volume above the surface of Voronoi (A AND B) . 

III. Voronoi (NOT A) = Voronoi (A) and 
CriticalArea ( NOT A) = J£ ( *° ' DefectDensity (r) drdxdy , an integration 
over the volume beneath the surface of Voronoi (NOT A) . 

[0064] Thus, the invention provides a methodology which can be 
used to compute the Voronoi diagram for any fault mech- 
anism that is the composite of independent fault mecha- 



[0061] 



[0062] 



[0063] 



nisms. More specifically, as shown in the flowchart in Fig- 
ure 9, the invention provides a method of determining 
critical areas associated with the composites of indepen- 
dent fault mechanisms. The different types of defect 
mechanisms are independent of one another. The inven- 
tion first constructs individual Voronoi diagrams showing 
critical areas for each different type of defect mechanism 
of interest 900 and then constructs a composite Voronoi 
diagram based on the individual Voronoi diagrams 902. 
From this composite Voronoi diagram, the invention com- 
putes the critical area 904 for composite fault mecha- 
nisms of the integrated circuit design. 

[0065] The invention further provides a method for constructing 
any composite-OR Voronoi diagram efficiently using a 
sweep-line algorithm. A sweep-line algorithm is compati- 
ble because it is based on minimum distances and the 
composite-OR is the minimum of two or more Voronoi di- 
agrams. This is accomplished in the following manner. 

[0066] |, p 00 | j n to a single set the geometric line segments and 
polygons which define the component Voronoi diagrams 
and which are also used in the sweep-line construction 
(see U.S. Patents 6,317,859, 6,247,853, and 6,178,539, 
which are incorporated herein by reference) of the com- 



ponent Voronoi diagrams. 

[0067] n_ use the combined set of geometric entities for the 
sweep-line algorithm to generate the composite-OR 
Voronoi diagram. 

[0068] in. within the execution of the algorithm in step II, main- 
tain a wavefront (see description of the sweep-line algo- 
rithm in reference) that is formed from those sets of 
points closest to the sweep-line among the wavefronts 
used in the sweep-line construction of the component 
Voronoi diagrams. Call this the composite wavefront. 

[0069] iv. Maintenance of the composite wavefront in III is ac- 
complished by scheduling events to keep track of poten- 
tial bisectors which are not part of the composite wave- 
front but may penetrate the composite wavefront and be- 
come part of it. 

[0070] More specifically, as shown in the flowchart in Figure 10, 
the invention provides a method of determining critical 
areas associated with the composites of independent fault 
mechanisms though intermediate composite-OR Voronoi 
diagrams. Item 120 shows the decomposing composite 
fault mechanism for intermediate critical area computa- 
tions. Item 122 in Figure 10 constructs individual Voronoi 
diagrams. Item 124 constructs intermediate logical OR 



composite Voronoi diagrams. Items 126 and 128 compute 
intermediate critical areas. Item 130 computes critical ar- 
eas by sums and differences of intermediate critical areas. 
This is of interest since composite-OR Voronoi diagrams 
can be constructed efficiently. This method is described 
by the following. 

[0071] |_ et a and B be two independent random-defect fault 
mechanisms. Then, 

[0072] CriticalArea (NOT A) = AreaOfLayout-CriticalArea (A) 

[0073] CriticalArea (A AN DB)= CriticalArea (A) + CriticalArea (B 

)-CriticalArea (A ORB) 
[0074] CriticalArea (A ANDNOTB)=CriticalArea (A OR B)-CriticalArea (B) 

[0075] CriticalArea (A ORNOT 

B)=AreaOfLayout+CriticalArea(A)-CriticalArea (A ORB) 

[0076] CriticalArea (A XORB)= 2 CriticalArea (A OR 
B)-CriticalArea(A)-CriticalArea (B) 

[0077] | n general, given a composite mechanism y defined by a 

boolean expression over a set of independent random-de- 
fect fault mechanisms, one can compute CriticalArea (y) us- 
ing the following algorithms. 



I. Put the boolean expression which defines y into the following disjunctive normal 
form 

y = Y M. K ((K^) x ) A ( A ^ U f)) ; A(M)nB(M) = 0 
Let x be an individual fault mechanism. 

Let K be the set of all conjunction clusters in the boolean expression. 
Let M be a conjunction cluster mK, consisting of a set of literals. 
Let A [M) be the set of all variables in M that are non-negated literals. 

Let B (M) be the set of all variables in M that are negated literals. 

Let P(M) be the power set of M . Then 

CriticalArea(y) = X^^i-lf™** CriticalArea{^ m x) 

For each disjunction cluster V^^x, construct Voronoi{y xeMuB{N) x) and 
compute CriticalArea{y xeMuB(N) x} to obtain Critical Area \y) . 

II. Alternatively, put the boolean expression which defines y into the following 
conjunctive normal form 

y = K<K((V xe<M f)v(V xem x)) ; A(M)nB(M) = 0 
Let x be an individual fault mechanism. 

Let K be the set of all disjunction clusters in the boolean expression. 
Let M be a disjunction cluster in A", consisting of a set of literals. 
Let A (M) be the set of all variables in M that are non-negated literals. 

Let B{M) be the set of all variables in M that are negated literals. 
Critical Area(y) = AreaOfLayout 

For each disjunction cluster V^^jc , construct Voronoi(y x<MuA{N) x} and 
compute CriticalArea[y xeM ^ N) x} to 6btainCriticalArea(y). 



[0078] a representative hardware environment for practicing the 



present invention is depicted in Figure 11, which illus- 
trates atypical hardware configuration of an information 
handling/computer system in accordance with the subject 
invention, having at least one processor or central pro- 
cessing unit (CPU) 10. CPUs 10 are interconnected via sys- 
tem bus 12 to random access memory (RAM) 14, read- 
only memory (ROM) 16, an input/output (I/O) adapter 18 
for connecting peripheral devices, such as disk units 11 
and tape drives 13, to bus 12, user interface adapter 19 
for connecting keyboard 15, mouse 17, speaker 103, mi- 
crophone 104, and/or other user interface devices such as 
touch screen device (not shown) to bus 12, communica- 
tion adapter 105 for connecting the information handling 
system to a data processing network, and display adapter 
101 for connecting bus 12 to display device 102. A pro- 
gram storage device readable by the disk or tape units is 
used to load the instructions which operate the invention 
also loaded onto the computer system. 
[0079] As we enable ourselves to build smaller and denser inte- 
grated circuits, their sensitivity to the occurrence of spot 
defects inherent in the manufacturing process becomes of 
greater importance. Such defects cause electrical faults 
within the circuit, contribute to yield loss, and ultimately 



result in lost resources. This invention addresses the 
problem by proving a measurement for this sensitivity for 
compound electrical fault mechanisms that can be effi- 
ciently and accurately obtained through critical area anal- 
ysis based on Voronoi diagrams. 
[0080] while the invention has been described in terms of pre- 
ferred embodiments, those skilled in the art will recognize 
that the invention can be practiced with modification 
within the spirit and scope of the appended claims. 



